The components that contribute to Raman spectral shifts of single-wall carbon nanotubes ͑SWNT's͒ embedded in polymer systems have been identified. The temperature dependence of the Raman shift can be separated into the temperature dependence of the nanotubes, the cohesive energy density of the polymer, and the buildup of thermal strain. Discounting all components apart from the thermal strain from the Raman shift-temperature data, it is shown that the mechanical response of single-wall carbon nanotubes in tension and compression are identical. The stress-strain response of SWNT's can explain recent experimental data for carbon nanotube-composite systems.
INTRODUCTION
The Raman frequencies in a molecule depend on pressure or strain through the anharmonicity of the interatomic forces. The Raman signature of carbon nanotubes can be related to strain making them sensitive nanoscale dimensional strain gauges.
1 This phenomenon has shown that hydrostatic pressures and molecular pressures derived from thermodynamic relations can be considered synonymous. 2 Here we present relationships between shifts in the Raman spectrum induced by molecular pressure, macroscopic pressure, and temperature on single-wall carbon nanotubes as well as tensile test data for nanotube composites. Molecular pressure in a liquid can be defined in terms of the cohesive energy density which, like the surface energy or surface tension, describes the powerful cohesive forces that hold the liquid together. Values of the cohesive energy density ͑CED͒ can be calculated from experimental data on vaporization or on solubility, and have units of J cm
Ϫ3
, or pressure ͑MPa͒. 3 Molecular pressure was applied by immersing single-wall carbon nanotubes ͑Dynamic Enterprises, Ltd.͒ in a variety of liquids and dispersing them using ultrasound. The Raman spectrum was recorded using a Renishaw Raman microscope. To avoid interference from Raman signals due to the liquids, we focussed our attention on the disorder-induced D* Raman peak at 2610 cm Ϫ1 ͑in air͒, a spectral region relatively free of Raman peaks from the various liquids. Dispersed in liquids, the D* Raman peak shifts significantly from its position in air, as seen in Fig. 1͑a͒ where the shift is plotted against the molecular pressure ͑CED͒ of the liquid. 4 The data used to obtain the CED for each liquid are given in Table I . Figure 1͑b͒ shows Raman spectral shifts for the nanotubes in three of the liquids with respect to the spectrum in air.
Macroscopic pressure was applied using a diamond-anvil cell. 5 The nanotube sample consisted of a dry powder, together with a small piece of ruby, and liquid argon was loaded as the hydrostatic medium using the methods described in Ref. 6 . Pressure was measured using the ruby fluorescence recorded with the Raman microscope. The cohesive energy density of argon is negligible, and therefore the positions of the D* Raman peak are plotted in Fig. 1͑a͒ at the recorded hydrostatic pressures. Excellent agreement between these data points obtained with macroscopic pressure and the data obtained by immersion in liquids, both as regards the initial Raman shift with pressure and the pressure at which the intensity is quenched, confirms that the cohesive energy density can be regarded as a real pressure. This is further supported by comparing the quench pressures recorded by Ventkatswaren et al. 7 for lower wave number radial Raman modes. They used a methanol-ethanol pressure medium and noted that quenching occurred at 1500 MPa. This is strong evidence that their pressure dependence is shifted upwards by some 600-800 MPa by the molecular pressure of the alcohol pressure medium adding directly to the macroscopic pressure of the diamond-anvil cell.
The cohesive energy density of a liquid depends on the temperature ͑T͒. This dependence was measured by immersing the nanotubes in hexane at various temperatures. The solubility parameter is given by the semiempirical formula . The nanotubes also have a small temperature dependence that can be represented by a linear function ͓Fig. 2͑a͔͒. Figure 1 is used to determine the relationship between the Raman shift and cohesive energy density or pressure. Equations ͑1a͒ and ͑1b͒ are used to determine the cohesive energy density at each temperature. It is then possible to construct a correlation between the Raman shift and temperature. Figure 2͑b͒ shows that this agrees very well with the measured shifts. The nanotubes ͑0.1 wt %͒ were embedded in an ultraviolet ͑UV͒ curable urethane acrylate polymer ͑Ebecryl 4858, Radcure͒. The nanotube/oligomer dispersion was spread onto glass with a doktor blade to induce flow orientation. The thin films were immediately cured by exposure to an UV source. At this low-nanotube concentration, tensile tests revealed that there was no significant improvement in the mechanical properties of the films with respect to the pure polymer.
The films were tested in two ways: ͑1͒ cured and uncured ͑the nanotube/oligomer dispersion͒ samples were cooled incrementally to liquid-nitrogen temperatures and Raman shifts were recorded at each temperature; ͑2͒ tensile specimens were prepared by cutting the films in the flow direction and perpendicular to the flow direction and tested in a minitensile testing machine with Raman shifts recorded incrementally with tensile strain. Figure 3 shows the temperature dependence of the Raman signature for the cured and uncured composites. The difference can be explained in terms of the thermal strains that have built up in the solid ͑cured͒ polymer, which are subsequently transferred by shear from the contracting matrix to the nanotubes, as the composite is cooled below the glass transition temperature. The increase in the wave number with decreasing temperature for the uncured system can be explained by the temperature dependence of the cohesive energy density and the nanotubes themselves ͑a liquid cannot support a shear stress without flowing, thus negating the possibility of stress transfer by shear͒. The solid line is a simple quadratic fit to the data, while the dotted line has been calculated from the solubility parameter of the polymer and the semiempirical relationship between the cohesive energy density (␦ 2 ) and the temperature ͓Eq. 1͑b͔͒, which is also a quadratic function. The solubility parameter ␦ of the polymer and the oligomer were calculated from Small's attraction FIG. 1. ͑a͒ The peak positions of the D* Raman peak in singlewalled carbon nanotubes are plotted as a function of the molecular ͑by immersion in liquids, black square symbol͒ and macroscopic ͑using a diamond-anvil cell-or DAC-, open triangle symbol͒ pressure. The molecular pressure is the cohesive energy density ͑Table I͒ of the liquid in which the nanotubes were immersed: for these experiments the external applied pressure was ambient, 1 atm. The macroscopic pressure was applied to nanotubes immersed in liquid argon as a hydrostatic pressure medium. At high pressure the intensity of the D* peak diminished in the DAC experiments and could not be measured above 2200 MPa. Similarly, the intensity of the D* peak in water was found to be lower. The solid line is a polynomial fit to the ͑liquid͒ data. The numbers correspond to the liquids in Table I . ͑b͒ Raman spectra for three of the liquids with respect to the position in air.
FIG. 2. ͑a͒
The temperature dependence of the Raman shift of single-wall carbon nanotubes in air, measured by placing the dry nanotubes in a temperature stage ͑a linear line adequately represents the data͒. ͑b͒ Temperature dependence of the D* Raman peak of single-wall carbon nanotubes in hexane. The dotted line is a quadratic fit to the data. The solid line is the construct of the semiempirical temperature dependence of the cohesive energy density of hexane ͓Eq. ͑1b͔͒ and the temperature dependence of the nanotubes. The trends are similar, with difference in absolute values being dictated by the polynomial fit to the data in Fig. 1. constants 9 to give a value of 23 MPa 1/2 at 298 K for both the cured and uncured system. This is in agreement with solubility parameter data for other urethane-based polymers. 3 From the calculated cohesive energy density of the polymer, the initial Raman wave number of nanotubes in the polymer at 298 K can be determined from Fig. 1 . The temperature dependence of the solubility parameter of hexane (mϭ Ϫ0.03) was used for the polymer as the coefficient was unknown a priori, although literature values for polymer melts are similar to this value. 10 The two lines coincide exactly at the glass transition temperature of the polymer ͑363 K͒, the temperature at which the thermal stresses are negligible. Subtraction of the dotted line of the uncured system from the data of the cured system yields the contribution of the thermal strain.
11 Figure 4 shows the relation between thermal strain and Raman wave number shift for two polymer systems, polyurethane acrylate and polycarbonate, a thermoset and thermoplastic, respectively. Table II gives the relevant material parameters. The relationship is almost linear, supporting the strain identical assumption, and describes the Raman response of the nanotubes with compressive strain.
Figures 5͑a͒ and 5͑b͒ show the Raman shift with axial tensile strain for the longitudinal and transverse samples, respectively. The difference between the two graphs implies that a reasonable degree of orientation has been obtained from the sample preparation procedure. The solid line in Fig.  5͑a͒ is simply the negative of the slope in Fig. 4 clearly showing that the Raman shift with tensile strain and compressive strain are identical once the temperature-dependent parameters have been subtracted from the latter ͑Fig. 4͒, as described above. Another consequence of Figs. 5͑a͒ and 5͑b͒ is that the D* peak apparently responds primarily to strains along the length of the tubes. This allows us to assume tentatively that the D* peak, which has A 1g vibrational symmetry, is related to breathing modes along the nanotube axis. 12 The mechanical response of the Raman shift in tension and compression implies that the Young's moduli in tension and compression are similar, at least over the strain range under investigation here. It is possible to construct the tensile stress-strain response of the nanotubes ͑Fig. 6͒. Figure 1 provides the relationship between the cohesive energy density or hydrostatic pressure and the Raman shift to determine the nanotube response with stress, while Fig. 4 or 5͑a͒ give the response with strain ͑the slopes are the same͒. Note that the absolute values of stress-strain response are different from those where the temperature dependence of the tubes and the CED have not been included 1,2 although the shape is similar. The modulus can be seen to be an increasing function of strain ͑Fig. 6͒ and is similar in form to other network structures such as elastomers. 13 Interestingly, carbon fibers also exhibit upward curvature in the stress-strain response at high strains.
14 A stress-strain curve for multiwall carbon nanotubes was recently obtained experimentally by Yu et al. 15 but a direct comparison with the curve produced here may be misleading since the present paper deals with singlewall nanotubes. The data presented in Ref. 15 is somewhat noisy but it is interesting to note that one of the tubes tested by Yu et al. ͑specimen No. 2 in Fig. 2͑b͒ , Ref. 15͒ has a stress-strain curve that indeed is elastomerlike ͑and is not noisy͒, as seen in Fig. 7.   FIG. 3 . Temperature dependence of the D* Raman peak of single-wall carbon nanotubes ͑0.1 wt %͒ in an UV cured urethane acrylate polymer ͑squares͒ and the uncured oligomer ͑triangles͒. The dotted line is a quadratic fit to the data. The solid line is a construct of the semiempirical temperature dependence of the cohesive energy density of the polymer (mϭϪ0.03 MPa 1/2 K Ϫ1 ) and the temperature dependence of the nanotubes. The intersection of the two lines coincides exactly with the T g of the polymer ͑363 K͒, the temperature where the thermal strain becomes negligible. The deviation of the oligomer data ͑triangles͒ from the broken line at progressively lower temperatures is possibly a consequence of compressive stresses being transferred from the polymer into the nanotubes at temperatures below the solidification temperature. Alternatively, the relation between the CED and temperature ͓Eq. ͑1b͔͒ is not applicable over the full temperature range .   FIG. 4 . Subtraction of solid polymer data from semiempirical construct in Fig. 3 yields the shift in the D* Raman peak of singlewall carbon nanotubes with the thermal strain transferred from the contracting matrix to the nanotubes. The squares are for the polyurethane acrylate system shown in Fig. 3 ͑thermoset͒, the triangles are for a polycarbonate matrix ͑thermoplastic͒. Note that the graph starts at zero, since the wave number of both the cured and uncured polymer in Fig. 3 were the same at the T g . The increase in wave number with strain shows that the nanotubes are under compression. The linearity of the plot suggests that the strain identical assumption is applicable to the nanotube composite system. Fig. 4 or 5͑a͒ ͑Raman shift with respect to strain͒ and the polynomial fit to the data in Fig. 1 ͑Raman shift with respect to hydrostatic pressure or cohesive energy density͒. The pressure data has been converted to stress in the nanotube by using the relation for a closed end cylinder ͓ ϭPr/2t, where tϭ0.066 nm Ref. 19 and rϭ5.5 nm͔.
The shape of the stress-strain curve is a potential reason for the low performance of nanotube reinforced composites, which have, so far, not shown the expected improvements in mechanical properties above that of the base polymer. Recent mechanical data using DMTA on nanotube reinforced composites 16 and on polymers reinforced with cellulose fibers 17 both exhibit small improvements in the modulus below the glass transition temperature T g but large retention of modulus above the T g of the polymer matrix. The values of carbon nanotube moduli, determined by fitting DMTA data to short fiber composite models, 16 are much lower than values attained by testing individual tubes. 18 In view of the stress-strain curve presented here, we suggest that nanotubes have the potential to reinforce the matrix provided that higher mechanical strains are applied; possibly above the T g .
CONCLUSIONS
We have presented the mechanical response of singlewall nanotube composites and have shown that strain induced Raman shifts in tension are identical to those in compression. Diamond-anvil cell experiments confirm that the cohesive energy density of the surrounding medium can be treated as a molecular hydrostatic pressure and the temperature dependence of the cohesive energy density adds further support to the fact that the nanotubes are sensing molecular strains. The shape of the constructed stress-strain curve ͑ten-sion or compression͒ implies that single-wall nanotubes would be a potentially useful reinforcement for high-strain composite systems or for the retention of mechanical properties at high temperatures.
